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INTRODUCTION
The plant immune system has evolved two branches to fight against pathogen attack: pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006) . Plant cells undergoing ETI often show a hypersensitive response (HR) of programmed cell death (Block and Alfano, 2011) . Hypersensitive-induced reaction (HIR) proteins, members of the Proliferation, Ion and Death (PID) superfamily, participate in the HR in response to pathogen attack, and in the development of spontaneous hypersensitive lesions in leaves of Capsicum annuum, rice, and wheat (Zhou et al., 2010; Choi et al., 2011; Duan et al., 2013) . The Arabidopsis thaliana genome contains four HIR family genes (AtHIR1-4), and all the HIR family genes encode proteins that contain a stomatin/prohibitin/flotillin/ HflK/C (SPFH) domain (Qi et al., 2011) .
Plasma membranes (PMs) are highly dynamic structures that provide a barrier to extracellular components and have important functions in the recognition of extracellular factors (Y añez-M o et al., 2009) . Microdomain-dependent and cytoskeleton-based processes affect PM organization and the dynamic status of membrane proteins (Lenne et al., 2006) . Membrane microdomains are specific compartments with distinct characteristics from those of the surrounding PM, such as differences in lipid and protein composition and organization (Fan et al., 2015) . The cytoskeleton is a dynamic, three-dimensional network of filamentous proteins. Microdomains and the cytoskeleton function in a number of vital cellular processes (Lenne et al., 2006) , but few studies have reported the effects that microdomains and the cytoskeleton have on dynamic behaviors of proteins at the PM or their influence on plant immunity.
Single-particle tracking analysis and in vivo protein labeling techniques offer a new way to probe the dynamics of membrane proteins and examine the correlation between protein dynamics and signal transduction in living cells (Weigel et al., 2011) . Using these techniques, we have quantified the dynamic behavior of membrane proteins at the single-molecule level in relation to the role of membrane microdomains (Li et al., 2013; Wang et al., 2015) . On the basis of accumulation of our studies over the years, this study is part of a series of investigations that quantitatively examine the localization and dynamics of PM proteins. Combining fluorescence correlation spectroscopy (FCS), fluorescence crosscorrelation spectroscopy (FCCS), fluorescence lifetime imaging, and Forster resonance energy transfer (FLIM-FRET), protein proximity index (PPI) analysis, and biochemical techniques, we examined the lateral mobility and oligomerization of AtHIR1 and investigated the effects that microdomains and the cytoskeleton have on AtHIR1 dynamics, with specific emphasis on their relationship to plant immune responses. Our results provide important insight into the molecular mechanisms of AtHIR1, which acts as a scaffold for organizing membrane microdomains and recruiting plant immune-related proteins such as H + -ATPase 2 (AHA2) to form a large complex upon pathogen perception. During this process, membrane microdomains and the cytoskeleton influence plant immunity by confining the lateral diffusion of AtHIR1, which facilitates the formation of the AtHIR1 complex.
RESULTS
The distribution and dynamic behavior of AtHIR1-EGFP in the plasma membrane To gain insight into the behavior of the AtHIR1 in vivo, we generated transgenic plants expressing a C-terminal enhanced green fluorescent protein (EGFP) fusion to AtHIR1 (At1g69840) under the control of the AtHIR1 native promoter. The functionality of the AtHIR1-EGFP fusion protein was confirmed by complementation of the hir1 mutant phenotype of flg22-triggered callose deposition ( Figure S1 ). Laser scanning confocal microscopy revealed that AtHIR1-EGFP was expressed in all tissues, including the root tip, elongation zone, differentiation zone, root hairs, hypocotyl cells, and cotyledon epidermal cells ( Figure S2 ), and was mainly targeted to the PM (Figure 1a, b) . We confirmed this observation by immunoblot analysis with anti-GFP antibodies (Figure 1c) . Compared with the PM marker protein GFP-LTi6a, which showed continuous labeling, AtHIR1-EGFP showed discontinuous labeling at the PM (Figure 1d, e) .
We then used VA-TIRFM to monitor the dynamics of individual AtHIR1 particles at the PM with high resolution in living leaf epidermal cells. In contrast to GFP-LTi6a, which was evenly distributed, AtHIR1-EGFP occurred as separate spots with almost constant fluorescence and showed patchy localization in the plane of the PM (Figures 1f and S3) . Also, most of the AtHIR1-EGFP spots were mobile in the diffraction-limited mode (Movie S1). Then we performed a 25-sec recording in 0.25-sec intervals and found that most of the AtHIR1-EGFP fluorescent spots stayed at the PM during the entire observation period (Figure 1g, h) , indicating that the observed fluorescent spots represented stable structures with lateral and temporal stability.
AtHIR1 partly co-localizes with REM1.3 but not with Flot1
Given the location of AtHIR1 in PM microdomains, we further investigated whether AtHIR1 co-localized with Flotillin1 (Flot1), a well established marker protein for membrane microdomains (Browman et al., 2007; Li et al., 2012) . We generated transgenic Arabidopsis coexpressing AtHIR1-EGFP and Flot1-mCherry. VA-TIRFM observations revealed that the AtHIR1 and Flot1 signals showed only a 3.17 AE 0.4% overlap (n = 21 images from seven seedlings) (Figure 2a-c) . Analyses of AtHIR1 trajectories and paths on the surface of cells showed a measurable but highly restricted range of movement within an average area of about 0.28 lm in diameter (ranging from 0.04 to 0.98 lm), smaller than that of Flot1, which moved within an average diameter of 0.78 lm, ranging from 0.11 to 3.17 lm (Figures 2d and S4a, b) . These results indicated that AtHIR1 and Flot1 inhabit different types of microdomains in the PM.
Mass spectrometry analysis showed that another established microdomain marker protein, Remorin1.3 (REM1.3), was present in the AtHIR1 complex (Table S1 ). Thus, we applied FLIM-FRET analysis, using the donor (EGFP) fluorescence lifetime as an intensity-independent parameter to measure the association between AtHIR1 and REM1.3. The AtHIR1-EGFP fluorescence lifetime was analyzed with a double-exponential fit model, which takes into account the population of unquenched donor molecules. The mean EGFP fluorescence lifetime of AtHIR1-EGFP alone was s = 2.43 AE 0.006 ns. In the seedlings co-expressing AtHIR1-EGFP and Flot1-mCherry, the mean EGFP fluorescence lifetime of AtHIR1-EGFP (s = 2.40 AE 0.005 nsec, n = 9 measurements from three seedlings) had no obvious difference with that of AtHIR1-EGFP alone (P = 0.57, n = 9 measurements from three seedlings). However, when AtHIR1-EGFP and REM1.3-mCherry were co-expressed, the fluorescence lifetime was signficantly reduced to s = 2.22 AE 0.002 nsec (P = 0.02, n = 10 measurements from three seedlings) by intermolecular FRET (Figure 2e, f) , demonstrating the interaction between AtHIR1 and REM1.3. As shown in Figure S4 (cÀe), AtHIR1-EGFP and REM1.3-mCherry partly co-localize at the PM. The correlation between AtHIR1 and REM1.3 was confirmed by analysis of their dynamic characteristics, including motion range, trajectory, and path (Figure 2g-i) . All the observations showed that AtHIR1 and REM1.3 were restricted in a smaller area, compared with the area used by Flot1.
Disruption of membrane microdomains alters the dynamics of AtHIR1 particles
AtHIR1 was found in detergent-resistant plasma membranes, which contain abundant sterol (Qi et al., 2011) ; therefore, we used the sterol-depleting agent methyl-bcyclodextrin (MbCD) to investigate the role of membrane microdomains in the dynamics of AtHIR1. The lateral stability of AtHIR1 particles was detected using kymograph analysis, which is based on space-time segmentation and can make better use of spatiotemporal information than common frame-by-frame tracking methods (Smal et al., 2010) . As shown in Figure 3 (a), the vertical lines in the kymographs represent the lateral stability of AtHIR1 particles under untreated conditions. Upon MbCD treatment, the vertical lines appeared curved (Figure 3b ). We further investigated the dynamic characteristics of AtHIR1-EGFP using single-particle tracking (SPT). The distribution of diffusion coefficients was plotted on histograms and fitted using Gaussian functions, in which we defined the Gaussian peaks (indicated asĜ) as the characteristic diffusion coefficients. In control seedlings, we found that theĜ was 1.78 AE 0.08 9 10 À3 lm 2 sec À1 , with an average diffusion coefficient of 1.58 AE 0.07 9 10 À3 lm 2 sec À1 (Figure 3e) . Furthermore, we calculated the motion ranges and found that the histogram of the motion range under normal conditions showed a broad, bimodal distribution (Figure 3f ), suggesting the existence of two subpopulations of diffusing AtHIR1-EGFP particles. Among these, 45.5% of the AtHIR1-EGFP particles showed less mobility, with the peak value of 0.15 lm, whereas the remaining AtHIR1-EGFP particles moved more than two times faster (peak value of 0.33 lm). Compared with normal conditions, MbCD treatment caused a significant increase in the diffusion coefficient (Ĝ = 2.57 AE 0.08 9 10 À3 lm (g, h) Dynamic analysis (g) and three-dimensional luminance plots (h) using a time series of the boxed area in (f). Bar = 2 lm. sec À1 , Avg: 3.16 AE 0.16 9 10 À3 lm 2 sec À1 , P = 4.51 9 10 À3 ) (Figure 3g ). For the motion range, we found a 9.8% decrease in the first subpopulation after MbCD treatment ( Figure 3j , P = 0.011). Parallel studies using treatment with the sterol synthesis inhibitor fenpropimorph (Fen) and the sphingolipid biosynthesis inhibitor DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) showed similar results (Figure 3c, d, h, i, k, l) . Since the inhibitors used herein were dissolved in different solvents and then diluted with ½9 MS, we also analyzed the effect of the solvent on AtHIR1 dynamics. We found no significant changes in the control treated with 1& DMSO or 1& ethanol ( Figure S5 ). Considering the associations between the cytoskeleton and membrane structures, we further analyzed the alterations of cytoskeleton that occurred in response to MbCD, Fen, and PPMP treatments. Using laser scanning confocal microscopy and VA-TIRFM, we found that neither the organization nor the dynamic distribution of the cytoskeleton changed significantly ( Figures S6 and S7) , suggesting that the changes in AtHIR1 dynamics after these inhibitor treatments are largely due to disruption of membrane microdomains rather than a fluctuation in cytoskeletal organization.
The cortical microtubule network restricts AtHIR1 diffusion
In seedlings co-expressing AtHIR1-EGFP and Tubulin alpha-5 (TUA5)-mCherry, we found that the boundaries for the diffusion tracks of AtHIR1-EGFP were defined by the microtubule network, which acted as a diffusion barrier (Figure 4a ). The single particles of AtHIR1-EGFP were Figure S8 ),we found that most of the AtHIR1 particles were confined in these regions, but some particles moved on the microtubules (Figure 4d , e). As shown in Figure 4 (f), the average diffusion coefficient of AtHIR1 anchored on the microtubules was 4.08 AE 0.18 9 10 À3 lm 2 sec À1 , which decreased more than 50% compared to the AtHIR1 confined in the regions (8.48 AE 0.55 9 10 À13 lm 2 sec À1 ; P = 2.37 9 10 À4 ). After treatment with the microtubule-disrupting drug oryzalin, the motion range of AtHIR1-EGFP changed significantly, with 66.2% of the AtHIR1-EGFP distributed into the second subpopulation (control: 54.5%; P = 3.36 9 10 À3 ; Figure 4g , h). In addition, the oryzalin treatment obviously increased the diffusion coefficient of AtHIR1-EGFP:Ĝ increased to 6.76 AE 0.06 9 10 À3 lm 2 sec À1 , almost four times the value for the control (control:Ĝ = 1.78 AE 0.08 9 10 À3 lm 2 sec À1 ; P = 6.85 9 10 À4 ; Figure 4i , j).
AtHIR1 diffusion is associated with the cortical microfilament network
In the epidermal cells of Arabidopsis cotyledons, the cortical cytoplasm contains two populations of actin filaments: dynamic, faint structures that resemble single actin filaments and thick, bright actin filament bundles ( Figure S9 ). In the seedlings co-expressing AtHIR1-EGFP and mCherry-FABD2, we found that the diffusion of AtHIR1 was not confined to the region formed by the actin filament bundles. However, the movement of AtHIR1 was occasionally impeded when the particle crossed an actin filament (Figure 5a, b) . As shown in Figure 5 (c), the diffusion coefficient decreased from 2.33 9 10 À2 lm 2 sec À1 to 5.11 9 10 À3 lm 2 sec À1 when crossing the first actin filament, and then decreased to 2.88 9 10 À4 lm 2 sec À1 when crossing the second filament. To further validate this result, the seedlings were treated with latrunculin B (LatB), an inhibitor of microfilaments. Compared with the control cells, the motion range of AtHIR1-EGFP particles in the second subpopulation increased to 60.78% after treatment (P = 0.029; Figure 5d , e). In addition, the diffusion coefficient of AtHIR1-EGFP increased to 2.75 AE 0.14 9 10 À3 lm 2 sec
À1
(P = 2.38 9 10 À3 ; Figure 5f , g).
Changes in the protein density and oligomerization status of AtHIR1 after disruption of membrane microdomains or the cytoskeleton
To analyze the relationship between AtHIR1 levels and the integrity of membrane microdomains and the cytoskeleton, we used immunoblot analysis to measure AtHIR1 levels in seedlings treated with MbCD, oryzalin, or LatB. The inhibitor treatments induced no significant effects on AtHIR1 levels ( Figure 6a ). Using VA-TIRFM, we calculated the density of the AtHIR1-EGFP particles to be about 1.43 AE 0.08 particles per lm 2 in the control cells. After treatment with MbCD, the density increased to 1.88 AE 0.05 particles per lm 2 (P = 4.45 9 10 À5 ). Oryzalin and LatB treatments resulted in an increase in density by 1.4-fold (P = 1.28 9 10 À4 ) and 1.2-fold (P = 2.11 9 10 À3 ), respectively, compared to the control cells (Figure 6b ). Parallel experiments using FCS also showed similar results ( Figure S10 ). Considering the importance of the oligomerization state for the function of AtHIR1 (Qi et al., 2011) , we analyzed the fluorescence intensity distribution of the AtHIR1-EGFP spots and the involvement of the microdomains and the cytoskeleton in the formation of oligomers. We obtained five peaks from a multiple Gaussian fit of the fluorescence intensity distribution (Figure 6c ), which represent monomer, dimer, trimer, tetramer, and pentamer configurations of AtHIR1-EGFP existing in a dynamic balance at the PM, according to previous studies (Ulbrich and Isacoff, 2007) . Given the possibility of signal fluctuation due to the diffusion of AtHIR1-EGFP in living cell membranes, we further analyzed the photobleaching of individual spots in the fixed cells. The number of EGFP bleaching steps ranged from one to five for the analyzed puncta (Figure 6d-h ), which suggested that one to five fluorescing EGFP molecules exist in each complex at the PM, as described previously (Ulbrich and Isacoff, 2007) . Furthermore, we also analyzed the intensity distribution curves in the fixed cells pretreated with MbCD, oryzalin, or LatB and found that compared with control cells, these inhibitors caused a shift of the intensity distribution curves, indicating a large reduction in fluorescence intensity (Figure 6i, j) .
Disruption of membrane microdomains or the cytoskeleton impedes the formation of AtHIR1 complexes
As integrated microdomains and an intact cytoskeleton are involved in the formation of AtHIR1 oligomers, we further investigated their effect on the AtHIR1 complex upon perception of flagellin (flg22), the main protein of the bacterial flagella that can activate plant defense mechanisms. Onedimensional BN (blue native)-PAGE separation of total protein complexes followed by immunoblotting revealed a broad band of over 540 kD (Figure S11a, b) , suggesting the existence of a large AtHIR1 complex. From Figure S11 (c), it is evident that the presence of flg22 remarkably increased the amount of AtHIR1 in the complex, while the addition of MbCD, oryzalin, or LatB before flg22 treatment decreased the AtHIR1 content in the complex compared with the flg22 treatment, implying that assembly of the AtHIR1 complex requires intact microdomains and the cytoskeleton. According to mass spectrometry analysis, the AtHIR1 complex contains several proteins involved in plant immunity, such as AHA2 (Table S1 ), as previously reported (Liu et al., 2009) . To investigate the relationship between AtHIR1 complexes and microdomains or the cytoskeleton, we then detected protein interactions between AtHIR1 and AHA2 and found that they can co-diffuse at the PM (Figure S12) . Based on the dual-color images of EGFP-AHA2 and AtHIR1-mCherry (Figure 7a-c) , we calculated the protein proximity index (PPI), a quantitative measurement of protein co-localization, to quantify the co-localization of the two proteins according to the method previously reported (Zinchuk et al., 2011) . In the untreated cells, the mean protein proximity value was 0.47 AE 0.03, implying that AHA2 and AtHIR1 proteins were specifically associated. Moreover, we found that the interactions between AHA2 and AtHIR1 significantly decreased after treatment with MbCD, oryzalin, and LatB, with mean protein proximity values of 0.22 AE 0.06, 0.26 AE 0.03, and 0.33 AE 0.02, respectively (Figure 7d, e) . Furthermore, we further characterized the protein interactions between AtHIR1 and AHA2 using live-cell fluorescence cross-correlation spectroscopy (FCCS), which can provide quantitative information on molecular interactions by simultaneously analyzing the fluorescence signals from two particles through cross-correlation (Chen and Irudayaraj, 2010) . The results showed that the relative cross-correlation value of EGFP-AHA2 and AtHIR1-mCherry was 0.77 AE 0.05 (n = 86 measurements from 15 cells) in control cells. When the seedlings were exposed to MbCD, oryzalin, or LatB, the interactions between EGFP-AHA2 and AtHIR1-mCherry significantly decreased, with relative cross-correlation values of 0.67 AE 0.03 (P = 9.24 9 10 À3 , n = 92 measurements from 16 cells), 0.60 AE 0.07 (P = 5.81 9 10 À6 , n = 82 measurements from 14 cells) and 0.59 AE 0.07 (P = 1.20 9 10 À3 , n = 82 measurements from 15 cells), respectively (Figure 7f-i) , indicating that membrane microdomains and the cytoskeleton are associated with the interaction between AtHIR1 and AHA2. All these results suggested a function of membrane microdomains and the cytoskeleton in the formation of AtHIR1 complexes.
DISCUSSION
The PM is a highly complex, dynamic structure that forms the boundary of the cell. Membrane microdomains are specific compartments within the PM that are enriched in sterols, sphingolipids, and specific proteins (Fan et al., 2015) . The best-characterized proteins associated with microdomains in animal cells are caveolins and flotillins (Glebov et al., 2006; Hansen and Nichols, 2010) . Remorins are plant-specific microdomain proteins existing in discrete patches at the PM (Raffaele et al., 2009) . In this study, immunoblot analysis demonstrated that AtHIR1 was expressed in the microsomal fraction ( Figure 1c ). Confocal images showed that AtHIR1-EGFP was located mainly in the PM, and its fluorescence signal was not uniform (Figure 1a , b, d, e). Further VA-TIRFM analysis revealed that most of the AtHIR1-EGFP particles appeared in a patchy pattern and exhibited limited lateral mobility at the PM (Figures 1f-h and S3 ). Previously, Qi et al. (2011) used immunoblot analysis to show that at least one member of the AtHIR protein family is enriched in PM microdomains. In addition, AtHIR proteins contain a stomatin/prohibitin/ flotillin/HflK/C (SPFH) domain, which contributes to the formation of microdomains in a variety of cell membranes (Browman et al., 2007) . Based on these findings and the results from our study, we propose that AtHIR1 can be used as a novel marker protein for membrane microdomains potentially acting as a docking site for specific proteins. A previous study reported that various types of specialized microdomains are involved in different biological processes (Jarsch et al., 2014) . In mammalian cells, caveolin can limit the uptake of pathogens and hence is involved in regulating pathogen entry into cells (Hoffmann et al., 2010) . In plants, two membrane microdomain marker proteins, flotillin and remorin, have been identified. Flotillin contains an SPFH domain and participates in endocytosis (Haney and Long, 2010) . Remorin has no SPFH domains and acts as a functional component in plasmodesmata and the PM (Raffaele et al., 2009; Jarsch et al., 2014) . In our work, mass spectrometry and FLIM-FRET measurements revealed that AtHIR1 and REM1.3 could interact with each other and co-exist in the same complex (Table S1 and Figure 2e, f). Single-particle tracking analysis showed that the trajectories, paths, and motion range of AtHIR1-EGFP were similar to those of REM1.3 (Figure 2g-i The spatial and temporal dynamics of membrane proteins are closely linked to many fundamental cellular processes (Jard on-Valadez, 2015). For example, Toll-like receptors (TLRs) displayed restricted lateral diffusion upon immune recognition. During this process, microdomains impede TLR mobility and disruption of microdomains releases TLR molecules (Triantafilou et al., 2004) . To characterize the dynamics of membrane proteins, VA-TIRFM provides a powerful approach to spatially clarify the details of complex kinetics at the single-molecule level in living plant cells comparing to traditional methods (Ehrhardt and Frommer, 2012) . From VA-TIRFM observations, we found that the diffusion coefficients and the motion range of AtHIR1-EGFP significantly increased after MbCD treatment (Figure 3a, b, e-g, j) . Similar results were also found in a parallel experiment using fenpropimorph (Fen) and DLthreo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) (Figure 3c, d, h, i, k, l) . These results indicate that membrane microdomains are a prerequisite for the lateral stability functioning as a dynamic molecular confinement of AtHIR1 at the PM.
The cytoskeleton is a dynamic network of filamentous structures, which plays a role in sensing and responding to the environment (Fletcher and Mullins, 2010) . In human macrophages, the cortical cytoskeleton spatially organized the diffusion of CD36, a clustering-responsive class B scavenger receptor in the membrane (Jaqaman et al., 2011) . However, the rapid reorganization of actin plays only minor roles in the distribution of membrane proteins in yeast cells (Spira et al., 2012) . In plants, the cytoskeleton contains microtubules and microfilaments, which are involved in the maintenance of the cell surface continuum and membrane remodeling (Anitei and Hoflack, 2011; McKenna et al., 2014) . By dual-color channel analysis, we demonstrated that the movement of most AtHIR1 particles at the PM can be effectively restricted in a region defined by microtubules and some AtHIR1 particles can directly bind to microtubules (Figure 4a-f) . We also observed an increase in the motion range and diffusion coefficient of AtHIR1 in seedlings treated with oryzalin, suggesting that disruption of microtubules significantly increases the mobility of AtHIR1 particles (Figure 4g -j). It is of interest to note that microfilaments can also affect the movement of AtHIR1, but this effect was observed only when AtHIR1 was crossing an actin filament (Figure 5a-d) . Further pharmacological experiments confirmed that the disruption of microfilaments with LatB increased the movement of AtHIR1 (Figure 5e-g ). Considering the interaction and crosstalk between microtubules and microfilaments reported in previous studies (Petrasek and Schwarzerova, 2009) , we hypothesized that the role of microfilaments in modulating AtHIR1 motility are a consequence of the changes in microtubule organization exerted by the disorganized actin filaments. The membrane microdomains and cytoskeleton can affect the movement of membrane proteins and other macromolecules (Li et al., 2013) . In human B cells, the release of ezrin from membrane microdomains, which resulted in the transient uncoupling of membrane microdomains from the actin cytoskeleton, acts as a critical trigger to regulate membrane microdomain dynamics during B cell antigen receptor signaling (Gupta et al., 2005) . In Arabidopsis thaliana, Szymanski et al. (2015) found that microtubules control the density and size of membrane microdomains. Another study reported that microtubules were required for the dynamics of Arabidopsis Flot1, a microdomain marker protein (Li et al., 2012) . Here, using VA-TIRFM and SPT analysis, we found that compared to MbCD, Fen, and PPAM treatments, Oryzalin has stronger effects in increasing the diffusion coefficient of AtHIR1. It is noteworthy that no obvious changes of the configuration and dynamics of microtubule occurred in the cells after disruption of membrane microdomains ( Figures S6  and S7 ). Based on these findings, we deduced that the stronger effects of microtubule disruption on the AtHIR1 dynamics resulted largely from the effects of oryzalin treatment on microtubules and partly from its effects on microdomains.
Protein oligomerization is an important biological mechanism for regulating signal transduction (Mizuno et al., 2013) . Although a previous study reported that AtHIR proteins can form homo-and hetero-oligomers in vivo (Qi et al., 2011) , no evidence has been reported on the oligomeric state of AtHIR1 in living cells. Using VA-TIRFM and FCS, we found that the density of AtHIR1-EGFP increased significantly at the PM after the disruption of membrane microdomains. The disruption of the cytoskeleton, including microtubules and microfilaments, also caused a marked increase in the density of AtHIR1-EGFP (Figures 6b  and S10 ). Because total AtHIR1 protein expression, as revealed by western blot, remained unchanged when seedlings were treated with various inhibitors, we speculated that the increase in the density of AtHIR1-EGFP was closely associated with the formation of homo-oligomers. We also demonstrated that the number of EGFP photobleaching steps in an individual punctum ranged from one to five, through analysis of the fluorescence intensity distribution of individual particles and counting the photobleaching steps of individual fluorescent spots as previously reported (Figure 6c-h ) (Ulbrich and Isacoff, 2007) , suggesting that AtHIR1 exists in various multimeric forms. After calculating the fluorescence intensity of AtHIR1-EGFP particles in seedlings treated with various inhibitors, we observed a dramatic decrease in the average fluorescence intensity, suggesting a reduction in the degree of oligomerization (Figure 6i, j) . All of our findings suggest that intact microdomain and the cytoskeleton promote the aggregation and oligomerization of AtHIR1 at the PM.
Protein complex formation is a critical aspect of plant innate immunity (Lu et al., 2010) . Generally, recognition of the pathogen via membrane-resident protein complexes initiates the innate immune response (Lin et al., 2014; Lozano-Duran et al., 2014) . As a SPFH domain-containing protein, AtHIR1 may act similarly to form specific microdomains to recruit other proteins (Browman et al., 2007) . After detecting the presence of the AtHIR1 complex, we found an apparently increased amount of AtHIR1 in the complex over 540 kD upon perception of flg22. Disruption of microdomains or the cytoskeleton significantly induced a lower amount of AtHIR1 in the complex, thus decreasing the integrity of the AtHIR1 complex ( Figure S11) . By mass spectroscopy, we revealed the interaction between AtHIR1 and AHA2, a component of the AtHIR1 complex related to plant immunity (Block and Alfano, 2011; . More importantly, the PPI value and relative cross-correlation values of AtHIR1 and AHA2 decreased dramatically after disruption of membrane microdomains or the cytoskeleton with specific inhibitors (Figure 7) . Based on all the results, we propose that AtHIR1 serves as a scaffolding protein by assembling the related proteins into functional microdomains to form immune complexes upon perception of the pathogen. During this process, intact membrane microdomains and the cytoskeleton are crucial for the integrity of the complexes.
EXPERIMENTAL PROCEDURES Plant materials
Arabidopsis thaliana ecotype Col-0 plants were used in this study. The AtHIR1-EGFP/mCherry (HIR1: At1g69840) plant expression vectors were constructed as follows. The coding sequence for AtHIR1 was amplified from the Arabidopsis genome using the forward primer GGGGTACCATGGGTCAAGCTTTGGGTTGTATTC and the reverse primer GCGGATCCCTCAGCAGCAGAGTTACCCT-GAAGA carrying KpnI and BamHI sites (underlined), respectively, and was subcloned into a modified pCAMBIA 2300 vector under the control of the native AtHIR1 promoter. The REM1.3-mCherry (REM1.3: At2g45820) plant expression vector was subcloned into a modified pCAMBIA1300 vector.
Using the Agrobacterium tumefaciens-mediated floral dip method, Arabidopsis plants were transformed with AtHIR1-EGFP/ mCherry, REM1.3-mCherry, or mCherry-FABD2 (the second actinbinding domain of fimbrin) constructs. The hir1 mutants were transformed with AtHIR1-EGFP. Transgenic plants were selected on solid (1% agar), half-strength Murashige and Skoog (½9 MS) medium containing 50 lg ml À1 kanamycin for AtHIR1-EGFP, 70 lg ml À1 hygromycin for REM1.3-mCherry and mCherry-FABD2.
For dual-color imaging, transgenic Arabidopsis plants carrying AtHIR1-EGFP were crossed with Flot1-mCherry, REM1.3-mCherry, mCherry-FABD2, and TUA5-mCherry plants to produce plants coexpressing the proteins AtHIR1-GFP/Flot1-mCherry, AtHIR1-EGFP/ REM1.3-mCherry, AtHIR1-EGFP/mCherry-FABD2, and AtHIR1-EGFP/TUA5-mCherry. Transgenic AtHIR1-mCherry plants were crossed with EGFP-AHA2 plants to produce plants co-expressing the proteins EGFP-AHA2/AtHIR1-mCherry.
Plant culture
For growing seedlings on agar plates, the seeds were surface-sterilized in 70% ethanol for 2 min and 5% (w/v) NaClO for 15 min. After washing five times with sterilized distilled water, the seeds were grown vertically on ½9 MS solidified with 1% agar at a pH of 5.8, stratified and placed at 4°C in the dark for 2 days before germination. Plants were grown at 22°C for 4 days under a 16 h-8 h light-dark cycle, either in soil or on ½9 MS plates.
Drug treatment
Latrunculin B (LatB, Sigma-Aldrich, St. Louis, MO, USA), fenpropimorph (Fen, Dr. Ehrenstorfer GmbH, Augsburg, Germany), PPMP (Sigma-Aldrich) were used from DMSO stock solutions (5 mM for LatB, 10 mg ml À1 Fen, and 10 mM for PPMP) and oryzalin (SigmaAldrich) was used from a 100% ethanol stock solution (10 mM). The sterol-disrupting reagent methyl-b-cyclodextrin (MbCD, Sigma-Aldrich) was dissolved in deionized water to yield a 200 mM stock solution. All of the stock solutions were diluted with liquid ½9 MS medium for use and the final DMSO or ethanol concentration was ≤0.1% (v/v) in all analyses. Mock treatments used only ½9 MS medium. Short-term treatments were performed by supplementing the drug into the medium for further incubation. For the treatment with Fen, seedlings were grown vertically on ½9 MS medium containing 10 lg ml À1 Fen for 4 days. For treatment with PPMP, the seedlings were first grown on ½9 MS medium for 2 days and then the seedlings were transferred to ½9 MS medium with 10 lM PPMP to grow for another 2 days.
Laser scanning confocal microscopy and image analysis
Confocal microscopy was performed on an Olympus FV10-ASW 3.0 microscope fitted with a 960 water-immersion objective. GFP and mCherry fluorescent proteins were excited using the 488-nm laser line of an argon ion laser and 561-nm laser line of a He-Ne laser, respectively. The fluorescence emissions were detected with spectral detector sets BP 520-555 (GFP) and LP 590-660 (mCherry). Image analysis was carried out by the Olympus FV10-ASW 3.0 software package and ImageJ software (NIH).
VA-TIRFM and fluorescence image analysis
Tissues from transgenic plants were mounted on a glass slide and observed under a variable-angle total internal reflection fluorescence microscope (VA-TIRFM) (Olivo-Marin, 2002) equipped with a 1009 oil-immersion objective (numerical aperture = 1.45, Olympus). GFP-and mCherry-labeled proteins were excited with 488-and 561-nm laser lines, respectively, from a diode laser (Changchun New Industries Optoelectronics Technology) and their emission fluorescence was obtained with a filter (BA510IF (525/50) for GFP; HQ605/52 for mCherry). For the analysis of dual-color VA-TIRFM images, the background was subtracted with a 'rolling-ball radius: 50 pixels', and pseudo-colors (green or red) were added ( Figure S13 ). The fluorescence signals were detected by a backilluminated EMCCD camera (ANDOR iXon DV8897D-CS0-VP, Andor Technology, Belfast, UK). Images were acquired with 100 msec/200 msec exposure times and a time-lapse series of single particles of AtHIR1-EGFP was taken with up to 100 images per sequence.
Microfilament or microtubule images were time-averaged (five frames), background subtracted (rolling-ball radius = 15) and Gaussian filtered (sigma = 1) using ImageJ software. For AtHIR1 images, a wavelet transform algorithm (Gutierrez et al., 2011 ) with a proper threshold was used for AtHIR1 detection, and the positions were determined by finding local maxima with a mask of 5 9 5 pixels and then by calculating the weighted-centroid with sub-pixel accuracy. Single-particle tracking was accomplished using spatially and temporally global particle assignment, as described in detail (Jaqaman et al., 2008) , and only tracks with lengths of more than 10 frames were kept for further analysis. For each trajectory, the mean square displacement (MSD) was computed from the formula:
ðrðs þ nÞ À rðsÞÞ 2 where n = t/Dt, L is the length of the trajectory (number of frames) and r(s) is the two-dimensional position of the particle in the frame s where s = 0 corresponds to the start of the trajectory (Goulian and Simon, 2000) . To determine the diffusion coefficient from a trajectory, a line was fit to the MSD with n running from 1 to the largest integer less than or equal to L/4 (L is the length of the trajectory) (Saxton, 1997) . The confinement range was computed as the largest displacement during the lifetime, and motion type analysis was performed as previously described (Jaqaman et al., 2011) .
To identify regions of microtubules, TIRFM images were cropped and a spatial bandpass filter was applied to remove noise of 1 pixel size and larger scale features (typically 6 pixels). A binary image was obtained by application of a threshold determined by Otsu's method (Otsu, 1979) . White pixels in the binary image were used to identify areas of high fluorescence in the original image. This creates a mask to identify trajectories of at least 10 steps inside and outside these areas. Trajectories inside these areas mean that the AtHIR1 particles moved on the microtubules, while trajectories outside these areas mean that the AtHIR1 particles were confined in the regions, which were formed by microtubules. Furthermore, an edge detection algorithm was used to visualize the boundaries of the binary image.
FCS, FCCS, and FLIM-FRET measurement
Fluorescence correlation spectroscopy (FCS) was performed in the point-scanning mode on a Leica TCS SP5 FCS microscope equipped with a 488-nm argon laser, an in-house coupled correlator, and an avalanche photodiode. The laser focus was placed at the plasma membrane of a cell in the measurement area. The diffusion of AtHIR1-EGFP into and out of the focal volume altered the local concentration of fluorophores and thus led to spontaneous fluctuations in fluorescence intensity. Finally, the density of AtHIR1-EGFP was calculated as described previously (Li et al., 2011) .
To quantitatively analyze the interaction of EGFP-AHA2/AtHIR1-mCherry, fluorescence cross-correlation spectroscopy (FCCS) was performed on a Leica TCS SP5 microscope as described previously (M€ utze et al., 2011) . Details of the FLIM-FRET system, operation and acquisition parameters, data analysis, and pixel enrichment were described previously (Stahl et al., 2013) .
Aniline blue staining
Aniline blue staining was performed to detect callose deposition as previously described (Choi et al., 2011) . Arabidopsis leaves were completely de-colored in destaining solution (1 ml glacial acetic acid and 3 mL ethyl alcohol), rinsed in 50% ethanol and water, and then stained for 2 h in 150 mM KH 2 PO 4 (pH 9.5) plus 0.01% aniline blue. Samples were mounted in 25% glycerol and were observed under a microscope equipped with a UV lamp (Leica DM2500).
Immunoblot analysis
Seven-day-old seedlings expressing AtHIR1-EGFP were treated with 10 mM MbCD, 10 lM oryzalin, or 5 lM LatB for 30 min. Total proteins were extracted in 29 extraction buffer: 100 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM Na-EDTA, 1 mM PMSF, 5 mM DTT, 0.5% SDS, and 10 mM 2-mercaptoethanol. Membrane proteins were extracted with extraction buffer: 25 mM Tris (pH 7.5), 2 mM EDTA, 2 mM DTT, 15 mM 2-mercaptoethonol, 0.5% BSA, 0.25 M sucrose, 10% glycerol, protease inhibitor cocktail (Sigma), and 1 mM PMSF. Proteins were separated on a 15% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blotted with an anti-GFP antibody. Signals were visualized using the Gel Imaging and Analysis System (www.sa gecreation.com.cn).
Blue native PAGE (BN-PAGE) was performed as described previously (Wittig et al., 2006) . Total protein was extracted from fiveday-old AtHIR1-EGFP transgenic Arabidopsis seedlings pretreated with the mock solution, MbCD, oryzalin, or LatB for 30 min and then incubated in 10 lM of flagellin protein (flg22) for 45 min. The control was treated with the mock solution (½9 MS) before processing.
Isolation of AtHIR1 complexes and mass spectrometric analysis
AtHIR1 complexes were isolated from 2-week-old Arabidopsis plants. AtHIR1-EGFP and empty-EGFP transgenic Arabidopsis plants were ground in ice-cold extraction buffer composed of 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 20 mM KCl, 1.5 mM MgCl 2 , 0.5% NP-40 and 1:100 (v/v) plant protease inhibitor (Sigma) on ice. Homogenates were clarified by centrifugation at 12 000 g for 30 min at 4°C to remove cell debris and insoluble particulates, and supernatants reserved as clarified extract. Next, 50 ll GFP-Trap_A (Chromotek), which is optimized for immunoprecipitation of GFPtagged proteins, were gently washed four times with ice-cold extraction buffer (without plant protease inhibitor). GFP-Trap_A was added into the clarified extract to cross-link for 8 h at 4°C. For immunoblot analysis of purifications, immobilized GFP-Trap_A was washed with ice-cold extraction buffer (without plant protease inhibitor) six times. Next, 50 ll glycine (pH 3.0) was added to the mixture, which was heated for 10 min at 65°C, then centrifuged to remove the GFP-Trap_A. Finally, the samples were sent to the Biological Mass Spectrometry Laboratory, China Agricultural University, for further treatment and mass spectrometric analysis. 
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